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I. INTRODUCTION 
Cold molecular welding is  t h e  adhesion or  cohesion of two rnater- 
i a l s  a t  temperatures s i g n i f i c a n t l y  below t h e i r  melting po in t s .  Careful 
cons idera t ion  of poss ib l e  cold welding phenorrienon i s  important i n  t h e  design 
of equipment f o r  operat ion i n  t h e  space environment. This r e p o r t  p re sen t s  
t h e  r e s u l t s  of a prograrrl conducted t o  obta in  a b e t t e r  understanding of ex- 
per imenta l  techniques f o r  the evaluat ion of cold welding and t o  i n v e s t i g a t e  
t h e  e f f e c t s  of c e r t a i n  t e s t  parameters no t  studied i n  t h e  co ld  rrlolecular 
welding s tudy i n  u l t r a h i g h  vacuurrl r e c e n t l y  conducted under NASA Contract  
NO. NAS9-3623. 
I n  t h e  program discussed here in ,  t h e  cold molecular welding char- 
a c t e r i s t i c s  of beryllium-copper p e l l e t s  on 321 s t a i n l e s s  s t e e l  wear p l a t e s  
were s tudied .  The prograrrl consis ted of four  inves t iga t ions :  
1. The r ep roduc ib i l i t y  of t e s t  r e s u l t s  under i d e n t i c a l  exper i -  
mental condi t ions;  
2.  A corriparison between s l i d i n g  tes ts  i n  u l t r a h i g h  vacuum, dry 
a i r ,  and ambient a i r ;  
3. The e f f e c t  of a l t e r n a t e  s l i d i n g  and r e s t i n g  of t h e  rrietal 
couples f o r  s l i d i n g  dura t ions  between s tops  of one revolu t ion  and one- 
t w e l f t h  revolu t ion ;  and 
4. The e f f e c t  of time at ,  r e s t  on t h e  s t a t i c  c o e f f i c i e n t  of 
f r i c t i o n .  
11. BACKGROUND 
The co ld  rriolecular welding tendency of 45 rrietal combinations was 
s tud ied  under s t a t i c  and dynamic cond ' t ions  i n  an u l t r a h i g h  vacuum environ- 
ment on NASA Contract No. NAS9-3623.g Nine rrietals were inves t iga t ed :  
2014-T6 aluminum, Ti-6A1-4V ti tanium a l l o y ,  berylliurri copper, e l e c t r o l y t i c  
grade copper coba l t ,  321 s t a i n l e s s  s t ee l ,  R e d  41 (nickel-base supera l loy) ,  
E52100 s t e e l ,  and coin s i l v e r .  The c o e f f i c i e n t  of f r i c t i o n  was measured 
i n  a t e s t  apparatus  which consis ted of p e l l e t s  mounted i n  a r i g i d  holder  
and r e s t i n g  or  being r o t a t e d  on a hor izonta l  wear plate .  The s t a t i c  co- 
e f f i c i e n t  of f r i c t i o n  was measured a t  breakaway a f t e r  contac t  f o r  300 hr. 
1/ "Cold Molecular Welding Study i n  Ultrahigh Vacuurri", F i n a l  Report ,  
Contract  No. NAS9-3623, 8 October 1964 - 1 7  Decernber 1965. 
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a t  a temperature of 20OOC. 
a t  a r o t a t i o n a l  v e l o c i t y  of 0 .4  in/sec.  
se l f  and aga ins t  each of t h e  o ther  metals. 
The dynamic c o e f f i c i e n t  of f r i c t i o n  was measured 
Each metal was t e s t e d  aga ins t  it- 
For most of t h e  metal cornbinations t e s t e d  i n  t h i s  previous pro- 
graril, t he  rriaxirrlurtL dynamic c o e f f i c i e n t  of f r i c t i o n  was g r e a t e r  than  t h e  
s t a t i c  breakaway value.  
t i o n  was found between the  tendency of t h e  metals t o  cold weld (as  ind ica ted  
by t h e  c o e f f i c i e n t s  of f r i c t i o n )  and t h e i r  phys i ca l  p rope r t i e s .  
were taken frorri s ing le  t e s t s  wi th  each rnetal combination; hence, it was 
d e s i r a b l e  t o  conduct dup l i ca t e  t e s t s  t o  deterrnine t h e  r e p r o d u c i b i l i t y  of 
t h e  d a t a .  I n  addi t ion ,  t h e  number of i n f l u e n t i a l  parameters which could be 
inves t iga t ed  under NASA Contract No. N A S 9 - 3 6 2 3  was l imi t ed ,  and s o  it was 
apparent  t h a t  valuable  information could be gained by a study of t h e  e f f e c t s  
of o ther  va r i ab le s .  
i n i t i a t e d .  
With the  exception of coba l t ,  very l i t t l e  co r re l a -  
The da ta  
Therefore,  the  program presented  i n  t h i s  r e p o r t  was 
111. EXPEFDENTAL FXSULTS 
Measurements of t h e  coe f f i c i en t  of f r i c t i o n  on s t a t i c  breakaway 
and dynamic r o t a t i o n  of beryllium-copper p e l l e t s  on a s t a i n l e s s  s t ee l  wear 
p l a t e  were made using t h e  experimental arrangement employed under NASA Con- 
t r a c t  No. N A S 9 - 3 6 2 3 .  The cheroical composition and method of prepara t ion  of 
t he  specimens were t h e  same a s  t h a t  descr ibed i n  Reference 1. 
A.  Reproducib i l i ty  Tests 
Repeated t e s t s  were conducted wi th  berylliurrl-copper p e l l e t s  on a 
321 s t a i n l e s s  s t e e l  wear p l a t e  t o  determine t h e  r ep roduc ib i l i t y  of t h e  da t a .  
S ix  t es t s  were conducted a t  a pressure  of lo-’ t o r r  wi th  1,000 p s i  contac t  
p re s su re  and a wear p l a t e  temperature of 200°C. The r e l a t i v e  s l i d i n g  velo- 
c i t y  during t h e  dynarnic por t ions  of t h e  t e s t s  was 0 .4  in/sec.  The resul ts  
a r e  presented  i n  Table I. The breakaway f r i c t i o n  was measured a f te r  16  h r .  
of s t a t i c  contac t .  
less  s t e e l  p a i r  i n  t h e  previous program a r e  presented  f o r  conparison. 
The da ta  obtained f o r  t he  beryl l ium-~opper/321 s t a i n -  
B. Tests i n  Atroosphere 
The e f f e c t  of moisture content i n  t h e  environment upon co ld  raolec- 
u l a r  welding tendencies  was inves t iga ted  by conducting tes ts  i n  dry  a i r  
( < 10 percent  r e l a t i v e  hurnidity) and ambient a i r  (40-60 percent  re la t ive 





COD WELDING REPRODUCIBILITY TESTS - 10-9 TORR 
l -  
Three Beryllium-Copper P e l l e t s  on SS321 P l a t e  
1,000 p s i  Contact Pressure 
P l a t e  Temperature 200°C 
Veloci ty  0 .4  in/sec 
Break- S l id ing  S l id ing  S l id ing  S l id ing  
away F r i c t i o n  F r i c t i o n  F r  i c  t i on F r i c t i o n  
Tes t  F r i c t i o n  f i r s t  30" 0 t o  0 .5  hr. 0.5 t o  5 hr. 5 t o  2 4  hr. -
R1 0.5 0.5 - 0.6 0.9 - 3.1 0.6 - 2 . 0  0 . 4  - 2.8  
R2 1.5 0.5 - 0.6 0.4 - > 4.9 - 
(32 roin. ) 
0.4 - 1.0 0 . 4  - 0.7 R 3  0.5 0.5 - 0.6 0 . 4  - 0.9 
R4 0.5 0.6 - 0.7 > 4.9 - 
(10 rnin. ) 
R 5  3.1 0 . 4  - 0.5 0.6 - 2.7 0 .4  - 2.3 0 . 4  - 2.8 
R6 0.7 0.4 - 0.9 > 4.9 - 
(15 rnin. ) 
- 0.3 - 1 . 0  Test I n t e r -  * 0.7 0.2 - 0.8 
rupted  By 
Loss of Con- 
t a c t  Between 
Test Surfaces  
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C .  In t e r rn i t t en t  S l id ing  Tests 
The e f f e c t  of a l t e r n a t e  s l i d i n g  and r e s t i n g  of t h e  rnetal couples 
was s tud ied  t o  evaluate  a wear sequence not i nves t iga t ed  i n  the  previous 
s tudy .  The t e s t s  were conducted by p l ac ing  t h e  p e l l e t s  i n  contac t  wi th  t h e  
wear p l a t e  f o r  24 hr. before  i n i t i a l  s t a t i c  breakaway f r i c t i o n  was measured. 
S l i d i n g  f r i c t i o n  was measured during e i t h e r  one o r  one-twelf th  revolu t ion  
depending upon the  p a r t i c u l a r  tes t .  This was followedby another  24-hr. 
p e r i o d  of r e s t  and the  sequence was repeated.  S ix  t e s t s  were conducted wi th  
one r evo lu t ion  between r e s t i n g  per iods and four  wi th  dynarnic per iods of one- 
t w e l f t h  revolu t ion .  All i n t e rmi t t en t  s l i d i n g  tes t s  were conducted a t  a 
pressure of t o r r ,  1,000 p s i  contact  pressure ,  2 0 0 0 ~  wear p l a t e  terripera- 
t u r e ,  and a 0 .4  in/sec s l i d i n g  ve loc i ty  during the  s l i d i n g  per iod .  The 
data are presented i n  Table 111. 
D. E f f e c t  of S t a t i c  Contact Time 
The e f f e c t  of time a t  r e s t  on t h e  i n i t i a l  breakaway f r i c t i o n  and 
t h e  subsequent s l i d i n g  f r i c t i o n  was inves t iga t ed  by t e s t s  a t  a pressure  of 
lo-' t o r r .  The beryllium-copper p e l l e t s  were s t a t i c a l l y  held on t h e  321 
s t a i n l e s s  s t ee l  wear p l a t e  a t  2OO0C with  a contac t  pressure  o f  1,000 p s i  
f o r  times ranging from 25 hr. t o  1600 hr. 
terrriined a t  t h e  i n i t i a t i o n  of s l i d ing  and t h e  s l i d i n g  f r i c t i o n  was rrieasured 
f o r  t h e  next 24  hr. or u n t i l  a condi t ion of excessive f r i c t i o n  occurred. 
The d a t a  are given i n  Table I V .  
The breakaway f r i c t i o n  was de- 
IV. DISCUSSION OF RESULTS 
The values of breakaway f r i c t i o n  i n  t h e  r e p r o d u c i b i l i t y  t e s t s  
e x h i b i t  good agreerrtent i n  four cases but  have l a r g e r  values i n  the  o ther  
two tes ts .  S l id ing  f r i c t i o n  during t h e  f i r s t  30' of r o t a t i o n  shows c l o s e  
agreerrient between the  tes ts  i n  a l l  cases .  During t h i s  per iod  of r o t a t i o n  
t h e  p e l l e t s  are i n  contact  with a clean, prev ious ly  unworn wear p l a t e .  
A f t e r  t h e  f i r s t  revolu t ion ,  however, t h e  p e l l e t s  rnove on a surface over 
which they  have passed before .  
and r e p r o d u c i b i l i t y  i s  then l o s t .  The d a t a  of Table I ind ica t e  t h a t  i f  t h e  
c o e f f i c i e n t  of s l i d i n g  f r i c t i o n  does not  exceed t h e  l i rn i t a t ions  of t h e  t e s t  
apparatus  (4 .9 )  during t h e  f i r s t  0.5 hr., a s t a b l e  condi t ion  i s  achieved 
which p r e v a i l s  f o r  t h e  rerrtainder of t h e  24-hr. t e s t .  
value of s l i d i n g  f r i c t i o n  v a r i e s  appreciably between tes ts .  
Subsequent s l i d i n g  f r i c t i o n  i s  unpredic tab le  
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The t e s t s  conducted i n  a i r ,  arribient wi th  a r e l a t i v e  hurriidity 
ranging from 40 t o  60 pe rcen t  and dry a i r  wi th  a r e l a t i v e  hurriidity of l e s s  
than  10  percent ,  i nd ica t e  t h a t  hurriidity has no apparent e f f e c t  on e i t h e r  
t h e  s t a t i c  o r  s l i d i n g  c o e f f i c i e n t  of f r i c t i o n .  However, as noted i n  Table 
11, the  wear r a t e  of p e l l e t s  i n  arribient a i r  appears t o  be less than  i n  dry 
a i r .  
The da ta  frorri t h e  interr i i i t tent  s l i d i n g  tes t s  (Table 111) show 
f a i r l y  cons i s t en t  r e s u l t s .  I n  t h e  I - series,  t he  p e l l e t s  were i n  s t a t i c  
con tac t  w i th  the p l a t e  f o r  24 hr., r o t a t e d  one corriplete revolu t ion ,  he ld  
s t a t i c  f o r  2 4  h r . ,  e t c . ,  f o r  f o u r  corrrplete cyc les .  The da ta  ind ica t e  t h a t  
t h e  c o e f f i c i e n t  of i n i t i a l  breakaway f r i c t i o n  i s  i n  the  range of 0.4 t o  1.4.  
A f t e r  rubbing t h e  pe l le t s  over t h e  p l a t e ,  t h e  c o e f f i c i e n t s  f o r  subsequent 
breakaways were considerably higher, 0 .6  t o > 4 . 9 .  The c o e f f i c i e n t s  f o r  t h e  
t h i r d  and fou r th  breakaway were near ly  t h e  sarrie as the  second; hence, t he  
f r i c t i o n a l  p a t t e r n  appears t o  becoriie e s t ab l i shed  as soon a s  t h e  p e l l e t s  
begin s l i d i n g  over prev ious ly  rubbed sur faces .  
The data frorri t h e  fou r  in t e rmi t t en t  t e s t s  wi th  only one-twelfth 
r evo lu t ion  (30 degrees i n  t h e  S - s e r i e s  (Table 111) i n d i c a t e  t h a t  movement 
on "clean" sur faces  and subsequent breakaway from the  "clean" increases  t h e  
breakaway f r i c t i o n  from t h e  range of 0 .4  t o  0.9 t o  a range of 0.5 t o  1 . 6 .  
This increase  i s  probably due t o  the rup tu re  of t h e  oxide l aye r s  on t h e  
srnearing of t h e  a s p e r i t i e s  of t he  sur faces .  This s e r i e s  of tes ts  perrrlitted 
t h e  examination of t h e  contac t  regions between the  p e l l e t s  and t h e  wear p l a t e  
before  t h e  regions were o b l i t e r a t e d  by t h e  subsequent rubbing a c t i o n  which 
occurred i n  a l l  o ther  t e s t  series. A view of t h e  i n i t i a l  contac t  sur faces  
where one of t he  three p e l l e t s  remained on t h e  wear p l a t e  f o r  24  hr. i s  
shown i n  Fig.  1. A l l  the  contac t  surfaces  f o r  t he  four  t e s t s  were studied 
and an average of 50 po in t s  of contact  were estiruated f o r  each contac t  
su r f ace  of t he  p e l l e t  wi th  t h e  p l a t e .  The photorriacrograph shows the  de- 
p o s i t s  and grooves l e f t  by t h e  a s p e r i t i e s  of t he  p e l l e t  sur face  when t h e  
p e l l e t  was moved. The d i f f e rence  between t h e  depos i t s  and t h e  grooves i s  
not  apparent  i n  F ig .  1 but  i s  e a s i l y  d is t inguished  i n  t h e  o r i g i n a l  co lor  
photograph. It should be noted t h a t  each groove i n  t h e  wear p l a t e  s t a r t s  
frorn a depos i t  of t h e  p e l l e t  mater ia l  on the wear p l a t e .  
1 ind ica t e s  t h a t  r e l a t i v e  motion took p l ace  between t h e  p e l l e t s  and t h e  
p l a t e  when t h e  p e l l e t s  were being lowered onto the  p l a t e  before  t h e  2 4  hr. 
of s t a t i c  contac t  (F ig .  2 ind ica tes  t he  p r o b a b l e p o s i t i o n s  of t h e  p e l l e t  on 
t h e  p l a t e ) .  
pe r iod  of s t a t i c  contac t .  
si-lrfa-ces by n!echanical a c t i o n  and increase  of L u 1 t a . L  --- - - A  bui  -----.o--- I a L t :  bji the  
Furthermore, F ig .  
Thus, some smearing of t he  a s p e r i t i e s  occurred before  t h e  
The d a t a  of Table I V  i nd ica t e  t h a t  t h e  dura t ion  of s t a t i c  con tac t  
time has no s i g n i f i c a n t  in f luence  on i n i t i a l  breakaway f r i c t i o n .  The 
8 
I -  
* 
Fig.  1 - Photomacrograph of Wear P l a t e  with Evidences 
of Movement of P e l l e t .  
WEAR PLATE 
r e  
STATIC TEST 
Fig.  2 - Descript ion of Probable Motion of t h e  P e l l e t  
Surface on the  Wear P l a t e  Surface.  
9 
s l i d i n g  f r i c t i o n  during the  f i rs t  30 degrees of motion i s  a l s o  unaf fec ted  
by contac t  time. I n  t h e  t e s t  w i t h  1600-hr. s t a t i c  contac t  time excessive 
s l i d i n g  f r i c t i o n  (g rea t e r  than 4 .9 )  was observed by the  end of t h e  f i r s t  
r evo lu t ion .  Excessive s l i d i n g  f r i c t i o n  was a l s o  observed wi th in  the  f i rs t  
0.5 hr. of s l i d i n g  i n  t h r e e  of the  r e p r o d u c i b i l i t y  t e s t s  presented  i n  Table 
I. The tes t  condi t ions  of t h e  r ep roduc ib i l i t y  t e s t s  were t h e  sake as those 
of Table I V  except t he  forrrler involved a 16-hr. contac t  time. This would 
i n d i c a t e  t h a t  t h e  e a r l y  development of excessive s l i d i n g  f r i c t i o n  may be 
due t o  the  random nature  of t he  cold welding tendencies  r a t h e r  than  t h e  
1600-hr. contac t  time. 
Since t h e  dura t ion  of  s t a t i c  contac t  time has no s i g n i f i c a n t  
in f luence  on t h e  f r i c t i o n  of i n i t i a l  breakaway and the  f i r s t  30 degrees of 
rnotion, t h e  seven tes ts  f o r  studying t h e  e f f e c t s  of contact  time can be 
considered as a d d i t i o n a l  r ep roduc ib i l i t y  t es t s .  Furtherrrrore, t h e  i n i t i a l  
da t a  of t he  10 i n t e r m i t t e n t  s l i d i n g  t e s t s  could be considered as a d d i t i o n a l  
r e p r o d u c i b i l i t y  t es t s  because they were conducted wi th  the  sarrie parameters 
as t h e  s ix  o r i g i n a l  r ep roduc ib i l i t y  t e s t s .  
sidered as  having i d e n t i c a l  conditions during breakaway and the  f i r s t  30 
degrees of motion. The data f rorn these  t e s t s  are given i n  F ig .  3 a s  the 
number of occurrences versus the  respec t ive  c o e f f i c i e n t s  of f r i c t i o n .  
Figure 3 shows t h a t  0.5 i s  t h e  most probable value f o r  t h e  breakaway co- 
e f f i c i e n t  of f r i c t i o n  and t h e  range of 0 .4  t o  0 .6  i s  t h e  most probable 
value f o r  t h e  c o e f f i c i e n t  during the f i r s t  30 degrees of s l i d i n g .  The co- 
e f f i c i e n t s  of t h e  o r i g i n a l  t e s t s  of beryllium-copper p e l l e t s  on SS 321 
p l a t e  were 0 .7  and 0.2 - 0.8,  respec t ive ly .  Thus, t he  o r i g i n a l  da ta  are i n  
good agreement wi th  t h e  most probable va lues  of t h e  r ep roduc ib i l i t y  tests.  
Hence, 23 t e s t s  can be con- 
Visual  examination of the wear p a t t e r n s  developed i n  t h e  tes ts  
allow seve ra l  observat ions concerning t h e  na ture  of t h e  wear: . 
1. Loose wear debr i s  was always present  after t e s t s  i n  a i r  but  
never p re sen t  af ter  tes ts  i n  vacuurn. 
2. Visual  es t imates  of the  a c t u a l  contac t  areas of t he  p e l l e t s  
and t h e  wear p l a t e  surfaces  ( t y p i c a l l y  shown i n  F ig .  1) i nd ica t e  a contac t  
area of 1 t o  2 pe rcen t  of t h e  pro jec ted  area of t h e  p e l l e t s ;  t h i s  l o c a l i z e d  
con tac t  a r e a  i s  d i s t r i b u t e d  over an average of approximately 50 po in t s  p e r  
pe l l e t .  
beryllium-copper p e l l e t s ,  i nd ica t e s  t h a t  a contac t  area of approximately 
1 percent  of t h e  p ro jec t ed  area should support  t he  load.  A c a l c u l a t i o n ,  
based on t h e  breakaway torque and the  shear  s t r e n g t h  of t h e  beryll ium- 
copper, corresponds t o  shear ing approximately 1 percent  of t h e  p ro jec t ed  
A ca l cu la t ion  based on the load  and the  y i e l d  s t r e n g t h  of t he  
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area of t h e  p e l l e t s .  These r e s u l t s  appear t o  agree wi th  t h e  the  r y  de- 
veloped by Bowden and Tabor f o r  the  adhesion of metal sur faces .  27 
3. Rela t ive  motion between t h e  specirriens a t  t he  time of i n i t i a l  
con tac t  appears t o  cause rupture  of the oxide l a y e r s  on t h e  specimens; t h i s  
perrriits metal-to-metal  contac t  and prorriotes welding. 
4. Breakaway of t h e  p e l l e t s  and t h e i r  subsequent rriotion over new 
a r e a s  of t h e  wear p l a t e  tear  sinall, i r r e g u l a r  fragments (0.001 t o  0.003 i n .  
diameter)  from t h e  p e l l e t s .  These fragments of p e l l e t  mater ia l  are f i rmly  
deposi ted onto t h e  wear p l a t e .  
5. Subsequent passage of t h e  p e l l e t s  over t hese  depos i t s  appar- 
e n t l y  causes a buildup of p e l l e t  rriaterial on t h e  wear p l a t e ;  t h i s  buildup 
takes t h e  form of  i s l ands  wi th  lengths  about f i v e  tirries t h e i r  height  and 
width.  
6 .  Eventually,  a f t e r  1 0  t o  30 passages of p e l l e t s  over an i s l and ,  
t h e  l a t t e r  i s  t o r n  away by f a i l u r e  of t he  wear p l a t e  material. 
a p i ece  of wear p l a t e  i s  t o r n  out irrimediately; a t  other  tirries, t h e  wear 
plate seerris t o  f r a c t u r e  and s p l i t ,  then weld t o  i t s e l f .  
Sornetimes, 
7.  Fur ther  motion of the  p e l l e t s  over t he  wear p l a t e  r e s u l t s  i n  
J------ u a l i b i  ----- ci i nc reas ing ly  greater va.rFations i n  t h e  f r i c t i o n  :;;easUreriients ; t h e  
of material back and f o r t h  between t h e  p e l l e t s  and the  wear p l a t e  occurs i n  
a random manner. 
V . C ONCLUSI ONS 
A number of conclusions a re  ind ica t ed  by t h e  r e s u l t s  of t h i s  
prograro: 
1. Reproducib i l i ty  of the  da t a  i s  good under condi t ions i n  which 
t h e  p e l l e t s  s l i d e  on a v i r g i n  wear p l a t e  sur face .  However, t h e r e  i s  con- 
s ide rab le  v a r i a t i o n  i n  resul ts  obtained frorri i d e n t i c a l  tes ts  i n  which t h e  
pe l le t s  s l i d e  on a worn wear p l a t e .  A l e s s e r  degree of s c a t t e r  i s  a l s o  
ev ident  f o r  t he  values  of breakaway f r i c t i o n .  
2. Moisture content  i n  an a i r  atmosphere does not  appear t o  s i g -  
n i f i c a n t l y  inf luence  e i t h e r  breakaway or s l i d i n g  f r i c t i o n .  However, t h e  
da t a  ind ica t e  t h a t  t h e  wear rate i s  lower i n  ambient a i r  than i n  dry a i r .  
Bowden, F. P . ,  and D .  Tabor, "The F r i c t i o n  and Lubricat ion of Sol ids ,  






3 .  I n  cases  involving i n t e r m i t t e n t  s l i d i n g ,  t he  i n i t i a l  value of 
breakaway f r i c t i o n  i s  gene ra l ly  the smallest. Values of breakaway f r i c t i o n  
f o r  subsequent i n i t i a t i o n s  of motion a r e  l a r g e r .  
4. The du ra t ion  of s t a t i c  contac t  time has no apparent in f luence  
on t h e  i n i t i a l  breakaway f r i c t i o n .  
5. I n  t o t a l ,  23 t e s t s  had i d e n t i c a l  pararneters during i n i t i a l  
breakaway and t h e  f i r s t  30 degrees of motion when t h e  e f f e c t s  of s t a t i c  
contac t  time were found t o  be negl ig ib le .  From the  da t a  of t h e  23 t e s t s ,  
t h e  rnost probably value of i n i t i a l  breakaway f r i c t i o n  was 0.5 and t h a t  of 
s l i d i n g  f r i c t i o n  during t h e  f i r s t  30 degrees of r o t a t i o n  0.4 t o  0.6;  t h e  
t o t a l  range of values  were 0.3 t o  3.1 and 0.3 t o  1.5, r e spec t ive ly .  
VI. I B C  aMMENDATI ONS 
The studies of t h e  beryllium-copper p e l l e t s  on a SS 321 wear 
p l a t e  brought f o r t h  numerous r e s u l t s  pe r t a in ing  t o  t h i s  one combination. 
These d a t a  d i c t a t e  t h a t  s eve ra l  other rnetal combinations should be siroi- 
l a r l y  s tud ied .  
n i f i c a n t l y  d i f f e r e n t  hardness and shear  s t r eng ths  than  t h e  two metals 
which were s tud ied .  The se l ec t ion  of t h e  mater ia l s  should be based on 
t h e i r  importance as engineering mater ia ls  i n  space veh ic l e s .  
These corrtbinations should c o n s i s t  of metals having s i g -  
13 
